Reducing the fan nozzle exit area limited the positive VIGV actuation range and consequently decreased the range of thrust modulation at all limit conditions except at both high free-stream velocity and high angle-of-attack condi ti ons .
INTRODUCTION
Vertical lift aircraft require some method of thrust modulation to provide stability and control during takeoff, landing, and transitional flight. Two promising methods are the use of (1) variable-pitch fan rotor blades (VP) and (2) variable-inlet guide vanes (VIGV). Performance data for comparison of the two methods, tested statically under identical conditions, are contained in references 1 and 2. The VIGV installation in a test cell, reported In reference 1, provided static thrust variations from 68 to 114 percent of the thrust obtained at the design angle setting. The variable-pitch fan installation in a test cell reported in reference 2 provided a total static thrust variation from 15 to 115 percent of the thrust obtained at the design setting.
In each of these experiments, the fan air was captured by means of a bellmouth inlet without a diffuser, thereby resulting in uniform and steady flow at the fan face. However, in actual use of the VIGV and/or variable-pitch rotor fan, the inlet and flow conditions could be significantly different than those obtained with a bellmouth inlet. How possible nonuniform and/or nonsteady flow a t t h e f a n face w i l l a f f e c t t h e f a n ' s performance i s n o t known. A 
i t i o n s t h a t would never be encountered i n a c t u a l use. Therefore, t o reduce d a t a and consider o n l y f l o w c o n d i t i o n s encountered w i t h a V/STOL v e h i c l e , an i n l e t was t e s t e d a t simulated f l i g h t c o n d i t i o n s i n a wind tunnel f o r r e a l i s t i c f l o w f i e l d s . I n t h i s t e s t t h e f a n was evaluated a t d i s t o r t i o n s t h a t a r e encountered i n f r e e f l i g h t .
The r e s u l t s of references 1 and 2 were obtained from 1.32 and 1.38 pressure r a t i o fans, r e s p e c t i v e l y . Since t h e present t e s t was conducted w i t h a 1.2 pressure r a t i o fan, t h e t h r u s t v a r i a t i o n obtained i n t h e present t e s t cannot be compared d i r e c t l y w i t h the referenced r e s u l t s . r e p r e s e n t a t i v e VTOL t r a n s i t i o n a l speeds and i n l e t i n f l o w angles, m o d i f i c a t i o n s were made on e x i s t i n g models. reference 1 was mated t o t h e NASA Lewis 20-in.-(0.508-m-) diameter f a n (NASA Rotor 55) and t o an e x i s t i n g i n l e t subassembly. Performance o f t h i s i n l e t -f a n combination without t h e V I G V ' s has p r e v i o u s l y been t e s t e d i n t h e NASA Lewis 9-by 1 5 -f t (2.743-by 4.572-m) Low-Speed Wqnd Tunnel t o forward speeds up t o 125 kn (64.3 m/sec) and angles o f a t t a c k up t o 120". S u m r y r e s u l t s have been reported i n reference 3 . l The s p e c i f i c o b j e c t i v e s o f t h e present i n v e s t i g at i o n a r e ( 1 ) t o o b t a i n f a n stage performance a t t r a n s i t i o n a l f l i g h t speeds and a t h i g h i n l e t -f l o w angles and ( 2 ) t o determine t h e e f f e c t s o f t h e VIGV's on t h e f a n aeromechanics and on the performance and angle-of-attack c a p a b i l i t y o f an a l r e a d y documented i n l e t f a n system. t h r u s t f a n annulus h e i g h t i n l e t length f a n r o t a t i o n a l speed
s t a t i c pressure t o t a l pressure s h o r t undrooped i n l e t s h o r t undrooped i n l e t w i t h v a r i a b l e -i n l e t guide vanes v e l o c i t y D e t a i l r e s u l t s of t h e t e s t a r e unpublished d a t a a t t h e NASA Lewis
Research Center. i n l e t rake s t a t i o n f a n e x i t s t a t i o n probe i n d i c a t o r ( l o c a t i o n shown i n f i g . 9 ( a ) )
. WC
f r e e stream
APPARATUS Test F a c i l i t y and Model
The i n v e s t i g a t i o n was conducted i n the NASA Lewis 9-by 1 5 -f t (2.743-by 4.572-m) Low-Speed Wind Tunnel, an e s s e n t i a l l y atmospheric tunnel w i t h a f r e estream v e l o c i t y range o f 0 t o 145 kn (74.6 m/sec). A complete d e s c r i p t i o n o f t h e t u n n e l and i t s aerodynamic c h a r a c t e r i s t i c s i s contained i n reference 4.
The model i n s t a l l e d i n t h e t e s t s e c t i o n o f t h e 9-by 1 5 -f t (2.743-by 4.572-m) tunnel ( r e f . 5) i s shown I n f i g u r e 1. I t i s supported by a h o r i z o n t a l s t r u t (hidden from view) and a v e r t i c a l p i p e stand and i s r o t a t e d i n a horizont a l plane f o r angle-of-attack v a r i a t i o n . t u r b i n e -d r i v e a i r t o the fan, i n s t r u m e n t a t i o n lead l i n e s , and h y d r a u l i c l i n e s .
The s t r u t houses t h e d u c t i n g o f t h e
The three mated model components, namely t h e i n l e t , t h e V I G V subassembly, and the 20-in.-(0.508-m-) diameter f a n a r e shown i n f i g u r e 2.2 I n l e t system. -The i n l e t ( i n c l u d i n g t h e six-spoke rake assembly) i s the same as the short i n l e t i n s t a l l a t i o n (SO), which was p r e v i o u s l y i n v e s t i g a t e d d u r i n g an e a r l l e r I n l e t t e s t program. S a l i e n t f e a t u r e s o f t h e i n l e t a r e given i n f i g u r e 3 . o f s t a t i c pressure taps a t f o u r c i r c u m f e r e n t i a l l o c a t i o n s . These l o c a t i o n s were instrumented as f o l l o w s : t h e windward side, 0" w i t h 25 s t a t i c pressure taps; the leeward side, 180" w i t h 14 s t a t i c s ; and t h e 45" and 225" sides w i t h 5 s t a t i c taps each. Two a d d i t i o n a l s t a t i c pressure taps a t 90" and 270" were a l s o i n s t a l l e d 8 i n . (20.32 cm) downstream of t h e h i g h l i g h t .
The steady-state pressure i n s t r u m e n t a t i o n consisted o f a x i a l rows S i x e q u a l l y spaced rakes c o n s i s t i n g o f 19 t o t a l pressure taps and 2 f r e e stream s t a t i c pressure taps were mounted a t t h e i n l e t d i f f u s e r e x i t s t a t i o n j u s t forward o f the V I G V assembly, f i g u r e 4(a),(b).
Seven w a l l s t a t i c pressure taps were contained i n t h e outer w a l l r i n g which formed p a r t o f t h e d u c t a t t h e rake s t a t i o n . T h i s i n s t r u m e n t a t i o n provided t o t a l pressure recovery, d i s t o rt i o n , f l o w r a t e , and i n d i c a t i o n s of f l o w separation a t t h e d i f f u s e r e x i t j u s t ahead o f t h e entrance t o t h e V I G V assembly. The f i r s t and f o u r t h t o t a l pressure taps (counting from t h e o u t e r w a l l o f the bottom windward rake) were i n d i v i d u a l l y connected t o t w o separate d i f f e r e n t i a l pressure transducers. The nearest w a l l s t a t i c pressure was connected t o t h e o t h e r s i d e o f t h e transducers t o serve as f l o w separation i n d i c a t o r s , f i g u r e 4 ( c ) . When t h e pressure d i f f e rence was negative, the f l o w was c a l l e d separated. T h e i r outputs were recorded on an x-y p l o t t e r and a l s o displayed on panel meters i n the c o n t r o l room d u r i n g t h e t e s t .
The i n l e t c o n f i g u r a t i o n code contains the f o l l o w i n g t h r e e parameters: t h e f i r s t i s t h e length of t h e d i f f u s e r , S i s f o r s h o r t ; t h e second I s t h e droop o f the i n l e t , 0 i s f o r a no-droop i n l e t ; and t h e t h i r d i n d i c a t e s whether o r n o t the V I G V assembly i s present, V i n d i c a t e s a c o n f i g u r a t i o n w i t h t h e V I G V assembly. Consequently i n l e t SOV r e f e r s t o t h e i n l e t w i t h a s h o r t d i f f u s e r , Do droop and V I G V assembly. Throughout t h i s r e p o r t , t h e SOV i n l e t w i l l be compared w i t h t h e p r e v i o u s l y t e s t e d SO i n l e t .
V a r i a b l e -I n l e t guide vanes ( V I G V l . -The V I G V subassembly has 20 f u l l -s p a n vanes o f NACA-63-009 s e r i e s p r o f i l e . The f r o n t p o r t i o n s o f t h e vanes a r e f i x e d and o n l y t h e r e a r p o r t i o n s are r o t a t e d t o change vane angle. A photograph o f the subassembly and i t s a c t u a t i o n mechanism i s shown i n f i g u r e 5. The c e n t e rbody extends s l i g h t l y upstream of t h e i n l e t t h r o a t . Because t h e V I G V ' s were taken from another model, t h e i r span was longer than i f they had been specif i c a l l y designed f o r t h e present t e s t . centerbody a t the l e a d i n g edge of t h e V I G V ' s ( t h e d i f f u s e r e x i t plane f o r t h e SOV I n l e t ) was smaller than t h e diameter a t t h e d i f f u s e r e x i t plane f o r t h e SO i n l e t . This d i f f e r e n c e r e s u l t e d i n a f l o w area a t t h e d i f f u s e r e x i t o f the present c o n f i g u r a t i o n (SOV) t h a t was l a r g e r than t h e d i f f u s e r e x i t f l o w area o f t h e model tested e a r l i e r (SO).
The r e s u l t i n g area d i s t r i b u t i o n f o r both i n l e t s i s shown I n f i g u r e 5(b). 
Vibratory stresses were moni-

Test Procedures
Before each new operating condition of constant tunnel velocity, nacelle angle, VIGV setting, and fan speed, a safety sweep was made. This sweep consisted of monitoring the blade stress as either the VIGV setting or the fan speed was continuously varied fromthe lowest to highest value. levels approached the upper allowable range of operation, then testing was terminated to preclude damage to the fan. Monitoring of the inlet flow separation parameters and rotor blade strain gages helped evaluate the cause for the blade stresses; that is, whether the cause was induced by inlet flow separation or fan stall. Data were then recorded at discrete (safe) VIGV and/or fan speed settings. Fan blade stresses were observed on a spectrum analyzer in the control room and the unfiltered root mean square signal from the strain gages was also displayed on a x-y plotter as a function of VIGV setting or fan speed. Internal flow separation indicators were similarly displayed for the first and fourth probes as described previously.
If the stress
Test Schedule
A run schedule is shown in table I. Only one of three originally proposed test groups were completed (i.e., fan nozzle exit area 100 percent of design). Two smaller fan exit nozzles (96 and 92 percent of the design exit area) were tested for NASA-related control studies which are not reported here. However, the aspects of these test groups which apply to VIGV-fan-stage performance are covered in the discussion of the test results.
TEST RESULTS
The test results show the effects of the variable-inlet guide vane installation on the performance and angle-of-attack capability of the inlet system, the fan-stage performance, and the aeromechanics of the fan blades. are shown at combinations of free stream velocity and nacelle angle-of-attack that would be encountered during the aircraft transition from takeoff to cruise or cruise to landing.
Results
The discussion includes the following: ( 1 ) 
This comparison shows the e f f e c t s o f t h e V I G V I n s t a l l a t i o n on i n l e t performance and angle-of-attack c a p a b i l i t y .
( 2 ) Thrust modulation o f t h e i n l e t V I G V system a t constant f a n speed f o r each t e s t c o n d i t i o n o f f r e e stream v e l o c i t y and n a c e l l e angle-of-attack.
( 3 ) E f f e c t o f f a n nozzle e x i t area v a r i a t i o n on t h e t h r u s t modulation C a p a b i l i t y o f t h e i n l e t V I G V system. i n l e t s w i t h t h e VIGV angle s e t a t zero degrees ( 0 = 0). I n h o r i z o n t a l f l i g h t ( a = 0), f o r f r e e stream v e l o c i t i e s ranging from 40 t o 125 kn (20.6 t o 64.3 m/sec), t h e V I G V i n s t a l l a t i o n imposes o n l y a s l i g h t p e n a l t y i n t o t a l pressure recovery and d i s t o r t i o n , as i n d i c a t e d i n f i g u r e 6. However, under t r a n s it i o n c o n d i t i o n s , shown i n f i g u r e s 7 and 8, t h e SOV i n l e t shows lower pressure recoveries and higher d i s t o r t i o n s than t h e SO i n l e t c o n f i g u r a t i o n . These performance losses are a m p l i f i e d whenever poor f
l o w c o n d i t i o n s e x i s t . Poor f l o w c o n d i t i o n s a r e due t o t h e combined e f f e c t s o f any l o c a l i z e d blockage o f the f l o w which i s caused by t h e presence o f t h e V I G V ' s and/or t h e more severe V I G V area d i s t r i b u t i o n ( f i g . 5 ( b ) ) i n t h e already s e n s i t i v e 12°-wall-angle d i f f u s e r . Since t h e t o t a l pressure rake t h a t measures i n l e t performance i s l o c a t e d upstream o f t h e VIGV vanes, any measured pressure l o s s I s n o t due t o t h e d i r e c t viscous losses o f any phenomena o c c u r r i n g on t h e vanes, b u t r a t h e r caused by
losses t h a t occur i n the d i f f u s e r w a l l boundary l a y e r . These boundary l a y e r losses may be due t o adverse t u r b u l e n t disturbances propagated upstream from t h e V I G V i n s t a l l a t i o n or caused by an increased adverse pressure g r a d i e n t owing t o t h e d i f f e r e n c e i n f l o w area throughout t h e d i f f u s e r (as shown i n f i g . S ( b ) ) . Although t h e increased pressure g r a d i e n t s associated w i t h t h e SOV d i f f u s e r a r e n o t much l a r g e r than those i n t h e SO d i f f u s e r , t h e I n l e t i s o p e r a t i n g a t condit i o n s o f i n c i p i e n t separation when separation l i m i t s a r e determined, and conseq u e n t l y small changes i n pressure g r a d i e n t could have a major e f f e c t on i n l e t t o t a l pressure l e v e l s .
SOV
Angle-of-attack. -The i n l e t angle-of-attack c a p a b i l i t y a t a given f r e e stream v e l o c i t y i s defined as t h e locus of n a c e l l e angles-of-attack f o r which t h e boundary l a y e r of t h e i n l e t a i r f l o w j u s t attaches t o t h e i n l e t . obtained e i t h e r by ( 1 ) i n c r e a s i n g power s e t t i n g ( a i r f l o w ) a t constant n a c e l l e angle-of-attack and V I G V angle, ( 2 ) by reducing n a c e l l e angle-of-attack a t cons t a n t V I G V angle and power s e t t i n g , o r ( 3 ) by reducing V I G V angle a t constant n a c e l l e angle-of-attack and power s e t t i n g . I n a l l t h r e e procedures t h e a t t a c hment p o i n t I s approached from t h e separated f l o w regime. Flow was considered t o have attached a t t h e p o i n t where t h e separation parameter (PT1 -Ps) o r (PT4 -Ps) became p o s i t i v e . Wall (PT1 -Ps) r e s u l t s i n a lower angle-of-attack c a p a b i l i t y . The parameter which best p r e d i c t s t h e impact o f t h e i n l e t on engine o r f a n performance depends on t h e d i s t o r t i o n t o l e r a n c e o f t h e s p e c i f i c engine o r f a n being used. Diffuser exit boundary layer. -The evaluation of V/STOL inlets depends on whether or not there exists separated flow at the fan face. Two different evaluators have been presented herein to determine whether or not separation exists. One is the difference between the pressure on the first total pressure tube on the windward rake and the closest static pressure. The second is the same except the fourth total pressure tube is used. Consequently, since the angle-of-attack capability of an inlet is sensitive to whether a fourth tube or first tube indicator is used in the evaluation, an examination of the boundary layer profile is needed in light of the two separation indicators.
The boundary l a y e r c h a r a c t e r i s t i c s a t t h e windward rake s t a t i o n of t h e SOV i n l e t a r e compared w i t h t h e SO i n l e t i n f i g u r e 13. The same t r a n s i t i o n f l i g h t c o n d i t i o n s a r e used here t h a t were used t o compare t h e pressure recoveries and d l s t o r t i o n s of these two i n l e t s I n f i g u r e s 7 and 8. The bounda r y l a y e r p r o f i l e s f o r t h e SO and SOV i n l e t s a r e shown f o r roughly t h e same a i r f l o w a t 40 kn (20.6 m/sec) and a = 90" i n f i g u r e 13(a). The SO i n l e t boundary l a y e r p r o f i l e a t t h e d i f f u s e r e x i t ( f a n face) i n d i c a t e s attached flow, w h i l e t h e SOV i n l e t p r o f i l e shows separation w i t h reverse f l o w . The f i r s t probe separation i n d i c a t o r of t h e SOV i n l e t shows t h e f l o w as being f u l l y separ a t e d . The f o u r t h probe i n d i c a t o r shows t h e f l o w j u s t attached. (The f o u r t h probe's t o t a l pressure i s equal t o w a l l s t a t i c pressure.)
I n another example a t 60 kn (30.9 m/sec) and a = 90°, f i g u r e 13(b) shows t h a t t h e f l o w i s separ a t e d by u s i n g e l t h e r t h e f i r s t o r t h e f o u r t h probe i n d i c a t o r s even though t h e p r o f i l e s o f both cases look q u i t e s i m i l a r . Boundary l a y e r p r o f i l e s f o r 80 kn (41.2 m/sec) a t a = 60" and f o r 1 2 5 kn (64.3 m/sec) a t a = 45' a r e shown i n f i g u r e s 13(c) and ( d ) r e s p e c t i v e l y . On f i g u r e 13(c) both t h e f i r s t and f o u r t h tube e v a l u a t o r s I n d i c a t e separation w i t h t h e SOV i n l e t , w h i l e n e i t h e r i n d i c a t e separation w i t h the SO i n l e t . On f i g u r e 13(d) o n l y t h e f i r s t tube e v a l u a t o r i n d i c a t e s separation, even though t h e v e l o c i t y o f t h e reverse a i r f l o w w i t h i n t h e separation region appears t o be g r e a t e r than t h e v e l o c i t y w i t h i n t h e separ a t e d r e g i o n o f f i g u r e 1 3 ( c ) . The s e l e c t i o n o f t h e i n d i c a t o r used may depend on t h e p a r t i c u l a r I n l e t -e n g i n e c o n f i g u r a t i o n t h a t i s being contemplated. To f u r t h e r I n v e s t i g a t e the d i f f e r e n c e o f t h e f l o w between SO and SOV I n l e t s , a comparlson was made of t h e s t a t i c pressures i n t h e d i f f u s e r along t h e windward meridian. Figure 14 presents s t a t i c pressure p r o f i l e s f o r those opera t i n g p o i n t s appearing i n f i g u r e 13; t h a t i s , d a t a t h a t has e s s e n t i a l l y t h e same c o r r e c t e d weight f l o w f o r a p a r t i c u l a r t r a n s i t i o n f l i g h t c o n d i t i o n . There seems t o be two basic l o c a t i o n s i n t h e d i f f u s e r where t h e r e e x i s t unexpected i n f l e c t i o n s i n t h e s t a t i c pressure p r o f i l e s . One l o c a t i o n i s between X/DF of 0.15 and 0.2; t h a t i s , near t h e minimum geometric area o f t h e d u c t w i t h o u t t h e centerbody. The other occurs between 0.275 and 0.4; t h a t i s , near t h e mlnlmum f l o w area. (See f i g . 5 ( b ) . ) The disturbance near t h e minimum o f t h e d u c t area i s probably a l o c a l p e r t u r b a t i o n t h a t o r i g i n a t e s because o f l o c a l increases i n t h e f l o w v e l o c i t y caused by over expansion.
I t i s i n t e r e s t i n g t o note t h a t even w i t h t h e h i g h l y d i s t o r t e d
t h e minimum f l o w area i s undoubtedly due t o boundary l a y e r separations. The s t a t i c pressure a t t h i s c o n d i t i o n i n t u r n would be s e n s i t i v e t o changes i n t h e e f f e c t i v e f l o w area. By comparing data o f t h e SOV i n l e t w i t h d a t a o f t h e SO i n l e t ( f i g . 14(a)) f o r a t r a n s i t i o n c o n d i t i o n o f 40 kn (20.6 m/sec) a t a = 90" w i t h WC/AH approximately 0.1, i t can be seen t h a t t h e SOV i n l e t has a s l i g h t l y d i f f e r e n t s t a t i c pressure p r o f i l e than t h e SO i n l e t . The rake prof i l e s ( f i g . 13(a)), taken a t roughly s t a t i o n 0.75, show a separation ( f o u r t h probe) e x i s t i n g w i t h t h e SOV c o n f i g u r a t i o n and none f o r t h e SO c o n f i g u r a t i o n a t these c o n d i t i o n s . A disturbance i s n o t i c e a b l e from t h e s t a t i c pressure prof i l e of t h e SOV I n l e t between s t a t i o n s 0.35 and 0.54.
No disturbance 1s n o t i c e a b l e f o r t h e SO i n l e t . disturbance e x h i b i t e d on t h e s t a t i c pressure p r o f i l e s i s due t o boundary l a y e r separation. 60 kn (30.9 m/sec) and a = 90° ( f i g . 1 4 ( b ) ) . The boundary l a y e r p r o f i l e presented i n f i g u r e 13 i n d i c a t e s t h a t t h e separation f o r t h e SOV i n l e t i s l a r g e r The d i s t u r b a n c e o r i g i n a t i n g near
This supports t h e deduction t h a t t h e downstream
A s l m l l a r observation can be made a t a t r a n s i figure 14(a) . The fourth probe indicates unconditional flow separation w i t h even flow reversal. In t h i s case, the boundary layer separation extends upstream ahead of the minimum flow area. In figure 1 4 ( d ) where the fourth probe indicator Indicates attached flow, the s t a t i c pressure p r o f i l e s indicate t h a t separation extends just up t o the m i n i m u m flow area.
Data for the SO 
l e c t the t o t a l unfiltered root mean square signal from the s t r a i n gage; the major component i s the f i r s t flatwise bending mode. Stress spikes on the plots occur a t specific engine order revolutions per minute where the blades vibrate a t their resonant frequency. defined as an integral number of blade vibratory cycles per fan revolution.
The
These engine orders (EO) a r e In horizontal f l i g h t ( Q = O " ) , the SOV i n l e t showed higher s t r e s s levels man tne SU Iniet and a l s o showed a change i n the character of the s t r e s s signature, figure 15(a) t o ( c ) . I n l e t SOV has higher E03 s t r e s s e s and i n addition has a s t r e s s spike a t €04 not generally present w l t h the SO i n l e t a t the same conditions, except a t extreme transitional f l i g h t conditions, as shown i n figures 16( c ) and ( e ) .
A t t r a n s i t i o n f l i g h t conditions the SOV i n l e t s t r e s s e s a r e generally much higher than f o r level f l i g h t , even f o r B = 0 , and a r e sometimes more than a factor of two as shown on figures 16(a) t o ( 1 ) . Actuation of the V I G V further increases blade stresses a t forward speeds up t o 80 kn (41.2 m/sec), b u t the increase i s not evident a t higher speeds. There i s no overall simple variation i n blade s t r e s s w i t h changing V I G V s e t t i n g . The relationship must be categor- 
Effect of V I G V on fan Performance
Fan performance w i t h V I G V actuation was obtained a t constant fan speeds of 110 and 70 percent of design a n d , wherever possible, other speeds depending on tunnel speed and nacelle angle-of-attack conditions. Airflow and t h r u s t
A i r f l o w modulation. -The V I G V a i r f l o w modulation c h a r a c t e r i s t i c s a r e presented i n f i g u r e s 17(a) t o (n) f o r a l l t h e combinations o f V, ,
a, and f a n and ( 3 ) ) .
There a r e several explanations as t o why t h e f l o w i s l i m i t e d . One i s t h a t t h e f l o w i n t h e V I G V passage c o u l d be choked. t h e s w i r l produced by t h e V I G V ' s could be so g r e a t t h a t t h e r e l a t i v e angle-ofa t t a c k of t h e r o t o r blade exceeds i t s l i m i t s and p a r t i a l l y s t a l l s t h e fan. The f l o w over t h e r o t o r blade would consequently separate and cause an e f f e c t i v e area r e s t r i c t i o n . A d d i t i o n a l data above t h a t a v a i l a b l e i n t h i s r e p o r t would be necessary t o determine t h e source which l i m i t s t h e f l o w .
Another i s t h a t t h e e f f e c t s o f
The minimum weight f l o w obtained by i n c r e a s i n g D may be l i m i t e d by f a n Fan s t a l l was determined by a sudden change i n s t a l l o r by i n l e t separation. r e v o l u t i o n s per minute caused by a change i n t h e l o a d i n g o f t h e f a n o r a change i n f a n noise l e v e l . Observable f a n s t a l l o n l y occurred a t s
t a t i c c o n d i t i o n s as i n d i c a t e d i n f i g u r e 17(a).
A t zero angle-of-attack, t h e i n l e t d i d n o t separate a t any a i r f l o w condit i o n . As t h e angle-of-attack increased, t h e I n l e t separated. The separation bounds from t h e f i r s t and f o u r t h probe I n d i c a t o r s a r e superimposed on f i g u r e s 17(c) t o ( e ) , ( 9 ) t o ( k ) , (m), and ( n ) . The f i r s t probe I n d l c a t i o n i s t h e more conservative and l i m i t s usable o p e r a t i o n t o t h e h i g h e r a i r f l o w s .
Since t h e separatlon l i n e s a r e n e a r l y v e r t i c a l , t h e minimum a i r f l o w f o r any combination o f V, and Q i s almost independent o f t h e V I G V s e t t i n g .
Thrust modulation. -The range of a v a i l a b l e f a n t h r u s t (as c a l c u l a t e d from t h e i n l e t weight flow, f a n discharge pressure, and temperature) f o r t h e V I G V i n l e t assembly a t 1 1 0 percent f a n speed i s presented i n f i g u r e 18 as a f u n c t l o n o f V I G V vane s e t t l n g , n a c e l l e angle-of-attack, and f
l i g h t v e l o c i t y ; t h e zero v e l o c i t y ( s t a t i c o r hover c o n d i t i o n ) data a r e a l s o presented as a s c a l e on f i g u r e 18(a).
(553 l b / f t 2 ) t o 5985 N/m2 (128 l b / f t 2 ) o f f a n d i s k area whlch was obtained by v a r y i n g t h e V I G V s e t t i n g from -5" t o +37.1°. modulation o f 112 t o 28 percent o f design t h r u s t . obtained a t V, = 0 and 100 percent fan speed.) A t 70 percent design f a n speed ( f i g . 19) the V I G V range i s from -15" t o +40° which corresponds t o 58 t o 22 percent of the value of t h e design t h r u s t .
The t h r u s t f o r s t a t i c c o n d i t i o n s v a r i e s from 26500 N/m2 This t h r u s t range represents a (Design t h r u s t i s t h a t Figures 18 and 19 show t h a t t h e f u l l t h r u s t range i s l i m i t e d by t h e i n l e t separation boundary.
For example a t V, = 40 kn (20.6 m/sec) and t h e 110 percent fan speed ( f i g . 1 8 ( a ) ) both f o u r t h and f i r s t probe boundaries a r e shown.
probe c r i t e r i a . The f i r s t probe l i m i t s f u l l V I G V modulation (13 = 40") t o about a = 66", l i m i t s B t o 34' a t a = 90" ( 4 7 percent design t h r u s t ) , and l i m i t s
I3
The f o u r t h probe I s conside r a b l y l e s s r e s t r i c t i v e a l l o w i n g t h e f u l l V I G V modulation up t o 105" and o n l y l i m i t i n g 13 t o 35" a t a = 120" (38 percent of design t h r u s t ) . Again t h e separation c r i t e r i a t o be used w i l l depend on t h e t o l e r a n c e of t h e s p e c i f i c f a n o r engine under consideration.
The f i r s t probe boundaries a r e much more r e s t r i c t i v e than t h e f o u r t h t o 22" a t a = 120" (80 percent deslgn t h r u s t ) .
Because o f very l i m i t e d d a t a w i t h t h e f o u r t h probe separation i n d i c a t o r , only the f i r s t probe separation i n d i c a t o r i s presented i n the remainder o f f i g u r e 18. Figures 18(c) t o ( e ) , show t h e a v a i l a b l e t h r u s t range f o r 110 percent fan speed a t the f r e e stream v e l o c i t i e s t e s t e d which i n c o r p o r a t e d t h e f i r s t probe separation c r i t e r i a . The a v a i l a b l e t h r u s t f o r 70 and 56 percent fan speed can be determined from f i g u r e s 19 and 20
respec t i v e l y .
E f f e c t o f Fan E x i t Area
Two smaller f a n e x i t nozzles, w i t h area 96 percent (221 i n 2, and 92 percent (212 i n . 2 ) o f t h e design nozzle e x i t area o f 230 in.i (0.148 m2), were used t o i n v e s t i g a t e f a n s t a l l c h a r a c t e r i s t i c s w i t h V I G V a c t u a t i o n . Figures 21(a) t o ( e ) present the t h r u s t modulation w i t h V I G V s e t t i n g angle a t two constant f a n speeds, 110 and 70 percent o f design, f o r a V, a t Q t e s t 
m/sec a t 30°, r e s p e c t i v e l y ) . S o l i d symbols denote t h e V I G V angles when f a n s t a l l occurred. As the fan e x i t area i s decreased, t h e V I G V angle where t h e f a n s t a l l occurs decreases and t h e range o f t h r u s t modulation a l s o decreases. A t t h e V, = 0, Q = 0' ( f i g . 21(a)) c o n d i t i o n t h e decrease i n t h r u s t modulation range between t h e 230 and 212 i n . 2 (0.148 and 0.137 m2 r e s p e c t i v e l y ) e x i t area c o n f i g u r a t i o n i s 29 percent. As t h e e x i t area i s decreased t h e f a n o p e r a t i n g l i n e w i l l move c l o s e r t o t h e s t a l l l i n e which i n turn reduces t h e range o f V I G V actuation. A t 110 percent design speed t h e data presented i n f a n map format ( f i g . 22) shows t h e e f f e c t o f V I G V a c t u a t i o n on f a n stage performance. For comparison, t h e i3 = 0" data i s p l o t t e d w i t h t h e e s t imated s t a l l l i n e i n f i g u r e 23. Data were n o t taken a t any weight f l o w l e s s than where s t a l l occurred, so t h a t only l i m i t s o f s t a l l o p e r a t i o n and s t a l l
f r e e -f a n o p e r a t i o n were recorded. Since t h e o n l y f a n s t a l l a t t h e design e
x i t area was observed t o have occurred d u r i n g s t a t i c c o n d i t i o n s (see f i g s . 17(a) and 18 ( a ) ) , t h e n a c e l l e angle-of-attack w i t h t h e concomitant l a r g e r d i s t o r t i o n d i d n o t c r e a t e f l o w c o n d i t i o n s t h a t s t a l l e d t h e fan.
The f a n operated s t a l lf r e e even when t h e i n l e t f l o w was separated a t 40 kn a t 90" and 40 kn a t 120" (20.6 m/sec a t 90" and 20.6 m/sec a t 120", r e s p e c t i v e l y ) . The o n l y f a c t o r t h a t prevented data from being taken during nonhover f l i g h t c o n d i t i o n s was h i g h fanblade s t r e s s l e v e l s .
The l i m i t a t i o n o f t h e p o s i t i v e V I G
V range w i t h decrease i n f a n e x i t area caused by f a n s t a l l or, as shown e a r l i e r , t o t n l e t s e p a r a t i o n a t h i g h n a c e l l e angles-of-attack, suggests t h a t i n order t o a l l e v i a t e t h i s l i m i t a t i o n , and consequently increase t h e range o f t h r u s t modulation, the f a n e x i t area could be simultaneously increased as t h e V I G V i s actuated closed. This concept was considered i n reference 1; data from t h a t reference i s reproduced i n f i g u r e s 24(a) and ( b ) t o i l l u s t r a t e t h e p o i n t . The two d i f f e r e n t types o f aforementioned o p e r a t i n g l i n e s a r e presented on t h e f i g u r e . It can be seen i n f i g u r e 24(a) t h a t t h e l i n e r e p r e s e n t i n g a mode o f f a n o p e r a t i o n w i t h a constant e x i t area i n t e r s e c t s t h e s t a l l l i n e near a B o f 32.5' (approx. 35"). This l i m i t s t h e o b t a i n a b l e range o f t h r u s t modulation. However, I f t h e e x i t area i s varied, as w e l l as t h e V I G V s e t t i n g , t h e operating l i n e can be k e p t as f a r from t h e s t a l l l i n e as i s d e s i r e d ( f o r adequate s t a l l margin). The new o p e r a t i n g l i n e thus increases t h e t h r u s t modulation range w i t h t h e V I G V assembly. The s t a l l margin can a l s o be c o n t r o l l e d by increasing t h e f a n speed. (See f i g . 24(b).)
A t 100 percent of design speed, f i g u r e 24(a), t h e f a n w i l l s t a l l a t 40 lb/sec (18.14 kg/sec) f l o w which was obtained w i t h t h e optimum f i x e d e x i t area a t a 13 = 32.5". At 120 percent of design speed, optimum fixed exit area and even a I3 = 42.5" (40 lb/sec) the fan will not stall. These techniques should be considered as part of a complete inlet-VIGV-fan performance evaluation for each V/STOL aircraft configuration whenever VIGV's are used.
CONCLUSIONS
The effects of a variable-inlet guide vane (VIGV) assembly upon the performance of an inlet-VIGV-fan system were experimentally evaluated In the NASA Lewis 9 x 15 ft wind tunnel. These effects were found to be detrimental to angle-of-attack capability compared with a similar inlet-fan system that was tested previously without the VIGV. The different evaluators used to assess the VIGV penalties were as follows: (1) Low-Speed Aerodynamic Performance o f 50.8
Centimeter-Diameter Noise -Suppressing I n l e t s f o r t h e Q u i e t , Clean, Short-Haul Experimental Engine (QCSEE). NASA TP-1178, 1978. "Iwo groups o f s m a l l e r f a n e x i t n o z z l e s , ( 9 2 and 96 p e r c e n t o f d e s i g n e x i t a r e a ) a r e n o t 1 i s ted h e r e . 
